Deletion of apoptotic cells from tissues involves their phagocytosis by macrophages, dendritic cells, and tissue cells. Although much attention has been focused on the participating ligands, receptors, and mechanisms of uptake, little is known of the disposition of the ingested cell within the phagosome. Here we show that uptake of apoptotic cells by macrophages or fibroblasts results in rapid phagosome maturation, whereas macrophage phagosomes containing Ig-opsonized target cells mature at a slower rate. The early maturation was shown to depend on activation of Rho acting through Rho kinase on ezrin-radixin-moesin proteins. Blockade of Rho signaling or inhibition of moesin both delayed maturation rates to those seen with opsonized targets. By contrast, phagosome maturation in dendritic cells was slower, similar between apoptotic and opsonized target cells, and unaffected by Rho inhibition. These observations have direct implications for the clearance of dying cells and the roles played by different phagocytes in antigen digestion and presentation.
C
learance of dying cells is critical for tissue homeostasis in health and disease, and there is now compelling evidence that failure to effectively remove apoptotic cells promotes inflammation and autoimmunity (1) . Phagocytic clearance of apoptotic cells consists of four distinct steps: accumulation of phagocytes at the site where apoptotic cells are located in response to specific attraction signals released by cells undergoing apoptosis (2) ; recognition by phagocytes through a number of bridge molecules and receptors, which have been studied extensively (3); engulfment by a unique uptake process termed efferocytosis (4); and processing of engulfed cells within phagocytes (5) . Little is known about how this final step of apoptotic cell clearance is regulated and more importantly how it differs from the processing of classically opsonized or microbial cells, which employ a common underlying route of degradation from phagosomes to lysosomes.
The rate of phagosome maturation is (i) dependent on its contents, illustrated by the ability of some intracellular pathogens to arrest phagosome development to aid their survival (6) and (ii) mediated by signaling pathways activated during engulfment as suggested by studies inhibiting Toll-like receptor signaling (7, 8) . However, it remains unclear how maturation of phagosomes containing apoptotic cells is regulated, and we hypothesized that molecules and signaling pathways directly engaged in the clearance of apoptotic cells may be critically important for this process.
Over the last decade it has been established that Rho-family GTPases and their downstream effectors are intricately involved in all aspects of the clearance of dying cells. Rac and its upstream activators facilitate engulfment of apoptotic cells in nematodes and mammals (9) , whereas RhoA and its downstream effector Rho kinase have an inhibitory role during engulfment of apoptotic cells (10, 11) . The degradation of ingested cells requires phagosome maturation through homotypic and heterotopic fusion of early endosomes, late endosomes, and lysosomes (12) . Movement of phagosomes along microtubules is essential for this process and requires actin assembly at the phagosomal membrane (13) . The ezrin-radixin-moesin (ERM) proteins are enriched in membrane structures, where they link integral membrane proteins to the actin cytoskeleton (14) , and they exist in the cytosol in an autoinhibited confirmation as folded monomers and, upon activation, bind to the phagosomal membrane and facilitate actin assembly (15) . ERM proteins are downstream effectors of RhoA and Rac that antagonistically mediate their activation through phosphorylation and dephosphorylation (14) , which suggests that small GTPases are involved in phagosome maturation and degradation of ingested dying cells, in addition to their important role for phagocyte movement toward a dying cell and for recognition and engulfment. Dendrite formation and antigen presentation depends on Rac in dendritic cells (DC) (16) , and they generally do not induce Rhodependent stress fibers and focal adhesion structures, which are associated with a diminished degradation rate for internalized proteins but an enhanced ability to retain antigen in lymphoid organs and present antigen (17) . This raises the question as to whether the Rho͞Rac balance within a particular cell alters the speed of degradation of ingested cells with implications for clearance of dying cells and antigen presentation.
Here we show that macrophage (M) phagosomes containing apoptotic material mature more rapidly than those containing cells taken up through Fc receptors. This difference can be abrogated by inhibition of Rho signaling through C3 transferase (C3T) and a Rho kinase inhibitor. In contrast, in DC, the rate of phagosome acidification is independent of both phagosome content and Rho, and the phagosomes mature at a slower rate. Furthermore, we show that ERM proteins are the downstream targets of Rho kinase and primarily responsible for its effects by localizing to the phagosome, where they play an important role in actin assembly.
Results

Acidification of Phagosomes.
To determine the rate of acidification of phagosomes containing apoptotic cells versus opsonized viable cells taken up through Fc receptors, we conducted a standard phagocytosis assay using either neutrophils or Jurkat T cells as targets added to the M cell lines J774 and RAW 264.7 (RAW), 3T3 fibroblasts (as an example of a ''nonprofessional phagocyte'' that does not express Fc receptors) or primary bone-marrowderived M (BMDM) for 30, 60, and 90 min. Phagosome acidification was quantitatively assessed with fluorescent microscopy by determining the percentage of phagosomes that had colocalized with lysotracker red (LTR) and lysosensor probes. Lysotracker probes have been previously used for this purpose (8) and have high selectivity for labeling and tracking acidic organelles in live cells. Lysosensor probes are acidotrophic agents that accumulate in acidic organelles as the result of protonation, which results in a pHdependent increase of fluorescent intensity. The data ( Fig. 1 A-C) show that, independent of the type of target, phagosomes containing apoptotic cells acidified more rapidly than those containing opsonized viable cells taken up via Fc receptors. This observation is independent of the phagocytic index, not a consequence of the rate of uptake, which is not markedly different for apoptotic and opsonized targets (Fig. 1D) and not species-specific (HMDM; data not shown). The differences are not a consequence of comparing live cells with dying cells because opsonized apoptotic and opsonized live cells showed comparable rates of phagosome acidification (Fig. 1E) .
Beads Mimic the Behavior of Apoptotic Cells. Carboxylate-modified latex beads have been used as simplified targets that mimic the surface charge of apoptotic cells (9, 18) . They offer the advantage of not introducing additional protein and are not broken down or degraded within phagosomes. Our unpublished data shows that, similar to apoptotic cells, the beads are taken up into a spacious phagosome, and uptake can be inhibited by amiloride. In contrast, amine-modified beads also are avidly taken up but by mechanisms not susceptible to amiloride (like Fc-mediated phagocytosis). Carboxylate-and amine-modified, 10-m latex beads were incubated with BMDM, 3T3 fibroblasts, J774, and RAW, and phagosome acidification was assessed as described above. We show (Fig. 6 A, C, and E, which is published as supporting information on the PNAS web site) that phagosomes containing carboxylate beads acidify more rapidly than those containing amine beads in all cell types studied and that this acidification was associated with actin assembly around the maturing phagosome (Fig. 6B) . The changes in phagosome acidification are not a consequence of differences in the rate of uptake (Fig. 6E) . The results obtained mimic the behavior of phagosomes containing apoptotic and opsonized cells, respectively, and enable us to use the beads as alternative targets to study phagosome maturation.
Phagosome Acidification in DC. DC have been shown to degrade internalized proteins at a slower rate than M, which was suggested to result from their lower contents of lysosomal proteases (17) . Here we have examined the acidification of phagosomes of human monocyte-derived DC (HMDDC) and the JAWS2 murine DC line by using the same phagocytosis assay as described above. The DC were incubated with either apoptotic or opsonized Jurkat, and we observed a rate of phagosome acidification that was significantly lower than in BMDM, M cell lines, or fibroblasts ( Fig. 2 A and D) . Strikingly, in contrast to M, there was no difference in acidification between phagosomes containing apoptotic or opsonized cells ( Fig. 2 C and D) . To verify these results, we then used carboxylate and amine beads to mimic apoptotic and opsonized cells, which are taken up by the DC at a significantly higher rate than Jurkat (Fig.  2E ), but still we observed a low rate of acidification and no difference between phagosomes containing carboxylate and amine beads ( Fig. 2 C and D) . These results suggest that there is a profound difference in the rate of acidification of phagosomes containing apoptotic cells between M and DC that does not depend on the rate of uptake.
Rho Signaling and Phagosome Acidification. Next we addressed the question as to whether differences in Rho͞Rac activation are important for the rate of phagosome maturation in different cell types. We inhibited Rho signaling in BMDM, J774, and Jaws2 by incubating the cells with C3T from Clostridium botulinum (which specifically inactivates Rho proteins through ADP-ribosylation) or the inhibitor Y-27632, which inhibits Rho kinase activity downstream of Rho (19) . Acidification of M phagosomes containing apoptotic cells or carboxylate beads was significantly reduced by both inhibitors to rates similar to those observed for M phagosomes containing opsonized cells (Fig. 3A) . Acidification of phagosomes containing opsonized neutrophils, Jurkat, or amine beads was not altered by either inhibitor (Fig. 3B ). Rho inhibition did not significantly alter the M overall phagocytic ability or the rate of uptake when uptake is assessed in 30-min time intervals (Fig. 7 A, which is published as supporting information on the PNAS web site). Thus, Rho plays an important role in the maturation of phagosomes containing apoptotic but not opsonized cells in M, which is mediated through Rho kinase, suggesting differences in Rho activation depending on mechanism of uptake or phagosome contents, so we conducted Rho activity assays to measure total and active Rho in J774.
Increased levels of activated Rho were consistently seen at 60 min (occasionally at 30 min) in M populations that were ingesting apoptotic cells (Fig. 3C ), whereas M that were ingesting opsonized neutrophils did not exhibit active Rho at early time points but in most experiments at 90 min (Fig. 3C) . Neither of the inhibitors had an effect on the acidification of phagosomes in DC, which was shown for multiple targets (Fig.  3D) . DC that had ingested apoptotic or opsonized cells did not up-regulate active Rho within 90 min of uptake (Fig. 7B ). This temporal difference in Rho activation provides an explanation for the effects of Rho inhibition on the maturation of phagosomes and suggests that Rho activation in M but not DC depends on the signaling pathways engaged during uptake or the cargo of the maturing phagosome.
ERM Proteins Localize to Phagosomes. Next we identified the downstream target of Rho kinase that mediates its effect on phagosome maturation. We focused on the ERM proteins because they have previously been shown to localize to phagosomes containing latex beads in J774 and other cell types, where they are important for actin assembly (20) . We show here that at 90 min ERM proteins localize to M phagosomes containing apoptotic cells or carboxylate beads (Fig. 8 A and C , which is published as supporting information on the PNAS web site) but not to phagosomes containing opsonized cells or amine beads (Fig. 8B) . Furthermore, Y-27632 inhibited colocalization of moesin to phagosomes containing apoptotic cells (Fig. 8 C and  D) . Therefore, Rho-mediated ERM activation is important for the maturation of phagosomes containing apoptotic but not opsonized cells.
ERM Inhibition Slows Acidification of Phagosomes.
To further assess the role of ERM proteins in the maturation of phagosomes containing apoptotic cells we used a myc-tagged N-terminal dominant-negative moesin construct that was transfected into RAW or 3T3 cells and was bound to phagosomes with its N terminus but was unable to bind actin because of the missing C terminus.
We conducted phagocytosis assays by using RAW or 3T3 transfected with moesin or a GFP-tagged control construct. Transfection was confirmed by microscopy directly detecting the GFP tag in controls and moesin-transfected cells using a green anti-myc antibody. Approximately 20% of the cells were successfully transfected with either construct, which has the added advantage of enabling the comparison not only of control and moesin-transfected cell populations but also of the 20% transfected and 80% nontransfected cells within a population that underwent the transfection procedure. The rate of acidification of phagosomes containing apoptotic cells or carboxylate beads was significantly inhibited in successfully moesin-transfected cells but not nontransfected cells in the same population (Fig. 4 A and B) . In contrast, there was no difference in the rate of acidification of phagosomes containing opsonized cells or amine beads in successfully and unsuccessfully moesin-transfected RAW (Fig. 4B) . Overall, the rate of acidification of phagosomes containing either opsonized neutrophils or amine beads in control and moesin-transfected RAW was not different to that previously established for untransfected cells. M populations transfected with the control construct showed no differences in rates of acidification between the overall population and successfully and unsuccessfully transfected cells within a population (Fig. 4C) There was no significant difference in the rate of phagocytosis between untransfected, control transfected and moesin transfected cells (Fig. 9A , which is published as supporting information on the PNAS web site). Thus, we show that inhibition of ERM proteins does not affect uptake but inhibits acidification of phagosomes containing apoptotic but not opsonized cells in professional and nonprofessional phagocytes. Taken together, these data suggest that ERM proteins are the downstream targets of Rho signaling through Rho kinase and are important for phagosome acidification by enabling actin assembly at the phagosome membrane.
Phagosome Acidification, Maturation, and Digestion. Phagosome maturation is a complex sequence, and a key event in this process is the progressive acidification of its lumen. However, efficient particle digestion and processing requires dramatic remodeling of the phagosomal membrane and contents.
As shown above there is a marked difference in the rate of acidification of phagosomes containing apoptotic versus opsonized cells at 90 min in the phagocytosis assay. Therefore this time point was chosen to assess the expression of molecules associated with distinct stages of the endocytic pathway. Lysosomal-associated membrane protein 1 (LAMP-1), predominantly expressed on lysosomes and phagolysosomes, where it is involved in maintaining lysosome acidity and protecting the lysosomal membranes from autodigestion (5, 21) , and the Rab7 late-endosomal marker (5, 21) are strongly expressed on phagosomes containing apoptotic cells but absent from some phagosomes containing opsonized cells at the same time point (Fig. 5A) .
Lysosomal cysteine proteases constitute an important subset of the degradative enzymes present in the endosomal͞lysosomal compartment for which an important role in antigen presentation in vivo has been confirmed (22) . They are synthesized as pro-enzymes requiring removal of an N-terminal pro-domain to become active, which is either facilitated by other proteases or by exposure to an acidic pH, as is the case for cathepsin L (23) .
We have assessed the activity of the cysteine proteases cathepsin B, K, and L in J774. At 90 min, almost all phagosomes containing apoptotic cells are positive for all three cathepsins. In contrast, the percentage of cathepsin-positive phagosomes containing opsonized cells is markedly lower (Fig. 5B) .
This result confirms that the changes in the rate of phagosome acidification described here translate into significant differences in the composition of the phagosomal membrane and degradative contents, with clear implications for antigen degradation and presentation.
Discussion
We show that phagosomes containing apoptotic cells matured more rapidly than those containing opsonized cells in most cell types, including primary M, multiple M cell lines, and fibroblasts, which was independent of the phagocyte species and ingested target cell, as we have shown for neutrophils, Jurkat cells, and modified beads that mimic apoptotic or opsonized cells. In contrast, DC acidified phagosomes at a slower rate than did M, independent of phagosome content. We have identified the small GTPase Rho as important for the acidification of phagosomes containing apoptotic cells and showed that inhibition of Rho signaling through C3T or Y-27632 slowed the acidification rates of phagosomes containing apoptotic cells to those seen with opsonized cells. Finally, we identified ERM proteins as the downstream targets of Rho kinase and showed that dominant-negative inhibition of moesin had effects on acidification similar to inhibition of Rho signaling. Our data are consistent with a model in which the Rac and Rho pathways have mutual antagonistic effects, as previously shown for spatiotemporal activation and downstream signaling of Rho and Rac regulating directional cell motility or engulfment of apoptotic cells (9) (10) (11) 24) . DC are highly dependent on Rac1 and Rac2 but not Rho for the formation of dendrites, macropinocytosis, polarized migration toward T cells, and T cell priming (16) . Here we show that this Rac bias is associated with a slow rate of phagosome acidification and is independent of phagosome contents, which is in keeping with data showing that DC in comparison to M generate low levels of lysosomal proteases and a decreased ability to degrade internalized protein, which in turn favors their ability to present antigen (17) . Not surprisingly, Rho inhibition, as shown here, had no effect on phagosome maturation in DC but was important for the degradation of phagosomes containing apoptotic cells in the other cell types studied. The Rho dependency of early phagosome maturation is further emphasized by temporal differences in Rho activation between M that have ingested apoptotic versus opsonized cargo, which is in line with our preliminary data showing that, at later time points, phagosomes containing opsonized cells reach the same level of maturity as those containing apoptotic cells. Consequently, our data in the context of the existing literature suggests that the Rho͞Rac balance in a given cell is not only important for phagosome maturation but may have direct consequences for antigen presentation.
We show here that differences in the rate of phagosome acidification are associated with changes in the composition of the phagosome membrane and its degradative contents. ERM proteins link integral membrane proteins to the cortical actin skeleton (14, 25) , and Defacque et al. (20) have previously shown that Ezrin and Moesin are crucial components of this actin assembly machinery and proposed that this process facilitates phagosome͞endosomes aggregation. Our data supports this hypothesis by showing that a dominant negative N-terminal moesin construct binds to phagosomes containing apoptotic cells and that these phagosomes acidify at a slower rate most likely because of impaired actin assembly, which occurs at, and depends on, the C terminus of ERM proteins (14) .
ERM proteins are now being recognized as important downstream and upstream effectors of Rho GTPases, which suggests a positive feedback loop between the two types of proteins (14) . Direct inhibition of RhoA function using C3T results in microvillar collapse with concomitant inactivation of ERM proteins (26) . ERM proteins exist in an autoinhibited confirmation, and Rho kinaseinduced phosphorylation has been identified as one mechanism for their activation (27) .
Some of the changes required for immunological synapse formation, such as the exclusion of CD43 from the central area are dependent on transient ERM protein dephosphorylation mediated through Rac (28, 29) . The ERM proteins binding integral membrane proteins that are squeezed out of the immunological synapse (IS) subsequently reattach to the cytoskeleton outside the IS. Rho is excluded from the IS, and ERM phosphorylation through Rho kinase is likely to be involved in the reattachment of these proteins (14) . Thus, it is conceivable that Rho͞Rac not only antagonistically mediates directional cell motility and engulfment of apoptotic cells but also the maturation of phagosomes containing apoptotic cells and subsequent antigen presentation through antagonistic effects on ERM protein phosphorylation.
A deeper insight into how phagosome maturation is regulated in M and DC is critically important for our understanding of the interface between innate and acquired immunity. The observations made here suggest that phagosome maturation and subsequent antigen presentation are directed by the ingested particle and are distinctly different for M and DC. antibody, Rab 7 rabbit polyclonal antibody, and LAMP-1 rat monoclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA); mouse monoclonal anti-myc antibody (Cell Signaling Technology, Danvers, MA); and secondary fluorescent antibodies (Jackson ImmunoResearch, West Grove, PA).
Materials and Methods
Cell Culture. J774, JAWS 2, RAW, 3T3 fibroblasts and Jurkat T cells (American Type Culture Collection, Manassas, VA) were cultured in DMEM (Jurkat-RPMI medium 1640) supplemented with 10% FBS͞2 mM L-glutamine͞100 g/ml streptomycin͞100 units/ml penicillin in humidified 10% CO 2 (Jurkat at 5% CO 2 ) at 37°C. Mouse BMDM were obtained by using a previously described technique (30) . HMDDC were isolated from whole blood, as described previously (31) . Cells were plated in 35-mm, glass-bottom dishes (MatTek, Ashland, MA) and matured by culturing in medium containing IL-4 and M colony-stimulating factor (R & D Systems, Minneapolis, MN) as described (32) .
Induction of Apoptosis. Jurkat cells were UV-irradiated at 254 nm for 10 min and cultured for 2.5 h. Neutrophils were aged overnight at 5% CO 2 at 37°C in RPMI medium 1640 containing 1% BSA. Jurkat and viable neutrophils were opsonized by incubation for 2.5 h with monoclonal anti-CD45 and anti-CD16 antibody, respectively, as previously described (33) .
Phagocytosis Assay. Phagocytosis assays were performed as previously described (33) . Approximately 1 ϫ 10 5 phagocytes were plated for 48 h. The M were washed before addition of target cells at a ratio of 10:1. The cells were cocultured for 90 min and stained with a modified Wright's Giemsa stain (Fisher, Pittsburgh, PA). The phagocytic index was calculated as previously described (34) .
Rho Inhibition. C3T was added to the culture medium for 48 h at a concentration of 2 g͞ml. This procedure has previously been shown to be effective in inhibiting Rho activity (35) and induced morphological changes in M and DC as well as gel retardation and degradation in Rho immunoblots (Fig. 9B) . Y-27632 was added to the appropriate culture medium at 10 M for 30 min.
Microscopy. Apototic and opsonized target cells were labeled using a PKH2 green fluorescent cell linker kit (Sigma, St. Louis, MO). LTR and Lysosensor were added to phagocytes for at least 30 min (1͞5,000 and 1͞1,000 dilutions, respectively) before the phagocytosis assay. Hoechst nuclear stain (Serotec, Oxford, U.K.) was added at a 1͞200 dilution for the last 10 min, and Phalloidin (Molecular Probes, Eugene, Oregon) was added at a 1͞1,000 dilution for the last 30 min of the phagocytosis assay.
Intracellular staining for Rab7, LAMP-1, and Myc was conducted by using standard procedures after fixing samples in paraformaldehyde and sucrose for 30 min. Microscopy was conducted with a Zeiss (Jena, Germany) ϫ40 objective. Fluorescence was quantified by creating masks and measuring mean intensities of staining using Slidebook software on an Marianas inverted digital microscopy workstation (Intelligent Imaging, Denver, CO).
Rho Activity. Rho activity assays were performed according to the manufacturer's instructions (Upstate Biotechnology, Lake Placid, NY). Briefly, 5 ϫ 10 5 J774 cells were plated for 2 days. Samples were lysed, and active Rho was isolated by using Sepharose-bound Rhotekin. Lysates were incubated for 1 h, washed, boiled, and run on a 12% SDS͞PAGE gel. To ensure equal loading, 40 l of whole-cell lysate was run, and total Rho levels were evaluated.
N-Terminal Moesin. N-terminal moesin was generated from a template plasmid containing full-length human moesin [plasmid pM34T. Moe (a kind gift from Paul Mangeat, Institute Curie, Paris, France)]. PCR was used to amplify the N-terminal region (amino acids 1-281) using the following primers: forward, 5Ј-gagagaGT-CGACATGCCCAAAACGATCAGTGTGCGT-3Ј; reverse, 5Ј-gagagaGCGGCCGCGTATAGTTCATGGTTCCCCATGC-3Ј.
The PCR product was cleaved with NcoI and NotI and subcloned into a pShooter Vector (pCMV͞myc͞cyto; Invitrogen), which carries a myc epitope tag 3Ј to the insert. Lipofectamine transfection was carried out according to the manufacturer's instructions in 3T3 and RAW plated at a density of 5 ϫ 10 5 cells for 24 h. The moesin and the control PCDNA 3.1 GFP construct were added at a concentration of 1 g. Statistical Analysis. Analysis was conducted with PRISM 4 (GraphPad, San Diego, CA). Phagocytosis assays were assessed by ANOVA with Dunnett's post hoc test for multiple comparisons. Microscopy data were analyzed using Kruskal-Wallis nonparametric test with Dunn's post hoc analyses for multiple comparisons.
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